The short in vivo half-life of streptokinase limits its efficacy as an efficient blood clot-dissolving agent. During the clot-dissolving process, streptokinase is processed to smaller intermediates by plasmin. Two of the major processing sites are Lys59 and Lys386. We engineered two versions of streptokinase with either one of the lysine residues changed to glutamine and a third version with both mutations. These mutant streptokinase proteins (muteins) were produced by secretion with the protease-deficient Bacillus subtilis WB600 as the host. The purified muteins retained comparable kinetics parameters in plasminogen activation and showed different degrees of resistance to plasmin depending on the nature of the mutation. Muteins with double mutations had halflives that were extended 21-fold when assayed in a 1:1 molar ratio with plasminogen in vitro and showed better plasminogen activation activity with time in the radial caseinolysis assay. This study indicates that plasminmediated processing leads to the inactivation of streptokinase and is not required to convert streptokinase to its active form. Plasmin-resistant forms of streptokinase can be engineered without affecting their activity, and blockage of the N-terminal cleavage site is essential to generate engineered streptokinase with a longer in vitro functional half-life.
The formation of pathologic blood clots that block the circulation to heart muscle can result in acute myocardial infarction (heart attack). Several blood clot-dissolving agents including streptokinase and tissue-specific plasminogen activator are commonly applied to treat these patients. Many large-scale clinical trials (10, 14, 17) have demonstrated both the shortand long-term benefits of these agents in saving lives. To gain maximum benefits of thrombolytic therapy in restoring blood flow, limiting damage to heart muscles, and preserving heart functions, early treatment is particularly important (14) . The relationship between early treatment with thrombolysis and lower mortality has been well established (6, 11, 11a, 16, 27, 30, 33, 34, 44) . However, one of the limitations of these blood clot-dissolving agents is their short in vivo half-lives. With half-lives of 30 min for streptokinase (15) and 5 min for tPA (19) , these agents are commonly introduced into the patients by a 30-to 90-min infusion. If the half-lives of these agents can be prolonged, the agents could possibly be administered as a single bolus intravenous injection and patients could be treated upon the arrival of the medical personnel. This would help minimize the time delay in the transportation of patients to hospital. The reocclusion rate could also be reduced by using these long-half-life clot-dissolving agents.
Streptokinase is a 47-kDa (414-amino-acid) protein from pathogenic strains of the Streptococcus family (25) . To dissolve a blood clot, streptokinase forms a 1:1 molar complex with plasminogen (1) . The resulting complex (8) has the ability to convert plasminogen to plasmin, the active protease that degrades fibrin in the blood clot. However, plasmin also rapidly processes streptokinase to smaller fragments. This can be a major factor contributing to the short half-life of streptokinase. The processing pathway of streptokinase has been well characterized (28, 38, 39) . Several intermediates, including a few products with molecular masses of 37 to 44 kDa, are transiently accumulated (38, 39) . The 42-to 44-kDa intermediates appear first and are generated by C-terminal processing, since they have identical N-terminal residues to those observed in the intact streptokinase (28) . Isolation of a short C-terminal peptide with the N-terminal sequence corresponding to Tyr402 (38) indicates that one of the C-terminal cleavage events takes place between Arg401 and Tyr402. The 37-kDa product appears later and is relatively stable (4, 28, 38, 39) . N-terminal sequencing and composition analysis suggest that this fragment has the sequence corresponding to Ser60 to Lys386 from the authentic streptokinase (38) . This product is therefore generated through both N-and C-terminal processing events. Although this 37-kDa product has high affinity to both plasminogen and plasmin, it retains only 16% of the activity of the intact streptokinase in plasminogen activation (38) . Further processing of the 37-kDa product at a series of cleavage sites (38) results in the complete degradation of streptokinase into small fragments. Since plasmin is a trypsin-like serine protease that specifically cleaves the peptide bond after lysine or arginine (45) , it would be interesting to see whether selectively changing lysine and arginine residues at these processing sites to other amino acids (e.g., glutamine) would generate plasminresistant streptokinase that may have a longer functional halflife. The successful generation of these new versions of streptokinase depends critically on whether processing at these sites is a necessary event. Currently, it is uncertain whether these processing events are simply a consequence of positioning lysine and arginine residues at the flexible and surface-exposed regions or are essential events in the conversion of streptokinase to the active form. It has been observed that the 7-kDa N-terminal peptide can associate with the 37-kDa intermediate to form a functional plasminogen activator that has almost the full activity of the intact streptokinase (38) . In a similar situation, N-terminal processing that results in the removal of the first 10 amino acids from staphylokinase, another plasminogen activator from lysogenic strains of Staphylococcus, by plasmin is demonstrated to be essential in the generation of the active staphylokinase (37) . To determine the significance of the Nterminal processing event and to explore the possibility of developing engineered forms of streptokinase with longer functional half-lives, we report the development of various forms of streptokinase through site-directed mutagenesis. These mutant proteins (abbreviated as muteins) of streptokinase were produced by the Bacillus subtilis secretory production system (48) . Biochemical characterization and in vitro processing studies of these purified streptokinase muteins illustrate that plasmin-resistant streptokinase can be developed. Some of these engineered muteins have longer in vitro functional half-lives and show better activity with time.
excised. The first five amino acid residues from this protein was determined at the Microchemistry Center, University of Victoria.
Determination of the activity of streptokinase and its kinetic parameters for plasminogen activation. The activity of streptokinase was determined by two methods (48) : the colorimetric method (7) with tosyl-glycyl-prolyl-lysine-4-nitroanilide acetate (Chromozym PL; Boehringer Mannheim Canada, Laval, Quebec, Canada) as the substrate and the radial caseinolysis method (36) with agarose containing both plasminogen and skim milk. To determine the kinetic parameters for the activation of plasminogen by streptokinase and its muteins, the conditions described by Shi et al. (38) were used except that Chromozym PL was used as the substrate. In these assays, streptokinase or its muteins were mixed with plasminogen at various concentrations (0.02 to 0.4 M) and the change in absorbance at 405 nm was monitored at 37°C by using a Beckman DU65 spectrophotometer equipped with a constant-temperature cuvette chamber. The final concentration of streptokinase or its muteins was 0.003 M. The kinetic data were analyzed with the mathematic model presented by Wohl et al. (46) and graphed as a Lineweaver-Burk plot. This one-stage assay allows the determination of the apparent Michaelis constant (K m ) of streptokinase and its derivatives to plasminogen and the catalytic rate constant (k p ) of plasminogen activation.
Half-life determination. To determine the half-lives of various forms of streptokinase in the plasminogen activation process, streptokinase was mixed with plasminogen in a 1:1 molar ratio and samples were collected at different time points up to 60 min and added to microcentrifuge tubes containing sample application buffer for SDS-PAGE in a boiling-water bath. SDS-PAGE and Western blotting with antibodies against streptokinase from rabbit were performed as described previously (48) . To ensure that all the proteins were completely transferred to the nitrocellulose filter, the electroblotted gels were restained with Coomassie blue. Blots with complete protein transfer were used for quantitative analysis. Pictures of Western blot were taken with the GDS 7500 gel documentation system from UVP, Inc. (San Gabriel, Calif.). The intensity of the 47-kDa protein which represents the intact form of streptokinase (see Fig. 2 ) on the Western blot was quantified with a Fuji bioimaging analyzer (BAS 1000, Fuji Medical Systems U.S.A., Stamford, Conn.) and the MacBAS software.
Other methods. Protein concentrations were determined by the Bradford method (2) with reagents from Bio-Rad Laboratories Canada Ltd. Glu-plasminogen was prepared from human plasma by using essentially the lysine-Sepharose method (9, 42) . To identify colonies that show streptokinase activity, cells were plated on TBAB agar plates overlaid with a thin layer of agarose (0.5% [wt/vol] agarose in physiological buffered saline with 0.5 mg of plasminogen and 0.1 g of skim milk in a final volume of 10 ml). Other general chemicals and reagents are from Sigma-Aldrich Canada Ltd. (Oakville, Ontario, Canada).
RESULTS

Streptokinase muteins with mutations in the N-terminal region.
To determine whether the plasmin-mediated processing of streptokinase at the N-terminal region is an essential step in the generation of active streptokinase, the nucleotide sequence AAA, which corresponds to Lys59 in the natural streptokinase, was changed to CAA or GAA by site-directed mutagenesis involving inverse PCR. From 200 transformants, 28 were randomly selected and spotted on to TBAB agar plates that had been overlaid with a thin layer of agarose containing both plasminogen and skim milk. Based on the halo size, these transformants were divided into three groups. The first group (14 colonies) had the largest halos. The second group (13 colonies) had halos smaller than those in group 1 but still slightly larger than that for the positive control strain, WB600 (pSK3), which produces the wild-type streptokinase. The third group (1 colony) did not show any halo surrounding the colony. The nucleotide sequence of a 253-bp ClaI-BstEII region which covers the predicted mutation was determined from five group 1 mutants. They all carried the A-to-C mutation, which converts Lys59 to glutamine. No other mutations could be observed within the sequenced 253-bp region. Five randomly selected group 2 mutants also carried the A-to-G mutation, which converts Lys59 to glutamic acid. The only mutant from group 3 was found to carry the same mutation as that observed in the group 1 mutants except for the presence of an unexpected 1-nucleotide deletion at the 5Ј end region of the mutagenic primer. This introduced a frameshift mutation and provided an explanation for the failure to observe the streptokinase activity from this clone. Since Taq polymerase does not have the proofreading function (35) , it could possibly introduce extra mutations to DNA fragments during amplification. To eliminate the possibility of the presence of extra mutations in both the group 1 and group 2 mutants, the 253-bp ClaI-BstEII fragment was isolated from mutants in both groups and each of these fragments was ligated to the 6-kb ClaI-BstEII-digested pSK3, which has never been subjected to inverse PCR-based mutagenesis. ClaI and BstEII sites were selected for this fragment exchange reaction because each of these sites is unique on pSK3 and they flank the predicted mutation. To confirm the successful introduction of the group 1 and group 2 mutations to pSK3, the 253-bp ClaI-BstEII region in the resulting transformants was sequenced. Plasmids pSKN460 and pSKN461 were shown to carry group 1 and group 2 mutations, respectively. Consistent with the previous observation, the halos of WB600(pSKN460) and WB600 (pSKN461) are larger than that of WB600(pSK3) (data not shown). Since these muteins were produced at a comparable level relative to the wild-type streptokinase (data not shown), this observation indicated that these muteins retain relatively good activity in plasminogen activation. SKN460 was selected for further characterization because of its high activity. The secretory production of SKN-460 is shown (Fig. 1a, lane 5) .
Streptokinase muteins with mutations in the C-terminal region. To block the plasmid-mediated processing of streptokinase at the C-terminal region, Lys386 in streptokinase should be changed to glutamine. As reported previously (48), residual proteases from WB600 could also degrade wild-type streptokinase at the C-terminal region and generated a low percentage of degraded streptokinase (Fig. 1a, lane 3) . To eliminate the C-terminal degradation, hydrophobic residues at positions 380 to 384 were changed to either polar or charged residues and Lys386 was changed to glutamine. The resulting streptokinase muteins can be produced in WB600 in intact form and retain almost the full activity of the authentic streptokinase (48) . One of the WB600 strains carrying the mutated streptokinase gene in the expression vector (pSKC32) was used here to study the C-terminal processing event mediated by plasmin. Figure 1a (lane 4) shows the production of this mutein in intact form from WB600.
Streptokinase muteins with mutations in both the N-and C-terminal regions. To generate a streptokinase mutein that shows resistance to the plasmin-mediated processing, the 1.3-kb BstEII-PstI fragment encoding the C-terminal portion of streptokinase in pSKN460 was replaced by the one from pSKC32 to generate pSKN460-C32. The successful exchange of this fragment was confirmed by nucleotide sequencing. WB600(pSKN460-C32) produced this mutein in intact form (Fig. 1a; lane 6) . This mutein retains biological activity in plasminogen activation (see Table 1 and Fig. 3a) .
Plasmin-mediated processing of streptokinase and its derivatives. Natural streptokinase (SK3) and three other streptokinase muteins (SKN460, SKC32, and SKN460-C32) produced from WB600 strains were purified from the culture supernatant by electrophoresis on a native polyacrylamide gel. Purified streptokinase proteins were found to be homogeneous (Fig.  1b) and were used to study the plasmin-mediated processing by mixing streptokinase with plasminogen in a 1:1 molar ratio. The processing reaction was conducted at 37°C. To avoid the complication for the presence of plasminogen and its derivatives in the reaction mixture, streptokinase and its processed intermediates were identified by Western blotting with streptokinase-specific polyclonal antibodies. As shown in Fig. 2a , natural streptokinase was rapidly converted to various processed forms with molecular masses around 44 kDa. The 37-kDa intermediate could also be observed after 1 min of reaction and became the major product after 10 min of reaction. Nterminal sequencing of the first five amino acid residues from the electroblotted 37-kDa protein showed the sequence SerLys-Pro-Phe-Ala. This sequence matched that at positions 60 to 64 in the natural streptokinase and confirmed that an Nterminal processing event took place between Lys59 and Ser60. For the streptokinase mutein SKN460, the change of Lys59 to glutamine indeed blocked the major N-terminal processing event mediated by plasmin. Accumulation of the 44-to 46-kDa processing intermediates was observed (Fig. 2b) . The 44-kDa product was relatively stable and could be observed even after 60 min of reaction. This is not the case for the wild-type streptokinase. At least one new intermediate was detected. On a relative scale, it migrated faster than the stable 37-kDa intermediate generated in the reaction with the natural streptokinase. For the streptokinase mutein SKN460-C32, this protein showed resistance to plasmin (Fig. 2c) . Typical processing intermediates (i.e., the 44-and 37-kDa products) observed with the natural streptokinase were not detected here. The half-lives of natural streptokinase, SKN460, and SKN460-C32 in the presence of plasmin generated during the plasminogen activation process were found to be 2, 6.4, and 43 min, respectively.
Steady-state kinetic parameters of plasminogen activation by streptokinase and its muteins. Although the half-life of the streptokinase mutein SKN460-C32 was extended 21-fold under the in vitro condition, it is important to examine whether the amino acid changes at the N-and C-terminal regions affect the binding affinity and the ability of SKN460-C32 to activate plasminogen. Kinetic parameters for the activation of plasminogen by purified streptokinase and its derivatives (SKN460, SKC32, and SKN460-C32) were determined in three independent determinations. As shown in Table 1 , the apparent Michaelis constant K m and the catalytic rate constant k p for these streptokinase proteins were comparable, indicating that these amino acid changes in streptokinase affect neither the binding nor the activation of plasminogen.
FIG. 1. Production and purification of streptokinase and its muteins. (a)
Western blot of secreted streptokinase. Lanes: 1, prestained markers, with the molecular mass in kilodaltons shown on the left; 2 to 6, 60 l of culture supernatant from WB600(pUB), WB600(pSK3), WB600(pSKC32), WB600 (pSKN460), and WB600(pSKN460-C32), respectively. (b) SDS-PAGE analysis of purified streptokinase. Lanes: 1, molecular mass markers; 2 to 5, 5 l of purified SKN460, SKC32, SKN460-C32 and natural streptokinase, respectively.
Biological activity of streptokinase and its engineered derivatives as determined by radial caseinolysis. In the determination of the steady-state kinetic parameters of streptokinase and its derivatives, the initial velocity of the reaction was measured. The effects on the extension of the half-lives of these engineered streptokinase derivatives as plasminogen activators will not be reflected in this analysis. Plasmin-resistant streptokinase derivatives with longer half-lives would be expected to function as plasminogen activators for a longer period, and this should be reflected in the radial caseinolysis assay by showing a bigger clearing zone. In this assay, the culture supernatant with streptokinase or its derivatives was applied in equal quantity (confirmed by Western blotting) to individual wells in an agarose gel containing skim milk and plasminogen. Relative to natural streptokinase as the reference, the engineered derivatives SKN460 and SKN460-C32 showed better total activity as plasminogen activators. This was reflected by a 2.2-to 2.5-fold increase in halo size (Fig. 3) . However, the streptokinase mutein, SKC32 has a halo size similar to that of the natural streptokinase.
DISCUSSION
There are several approaches to prolonging the half-life of blood clot-dissolving agents. These include the preparation of the streptokinase-acylated plasminogen complex known as APSAC (40) , attachment of polyethylene glycol (5) or maltose binding protein to streptokinase (15) , chemical coupling of human serum albumin to urokinase (3), and site-directed mutagenesis of glycosylation sites and domains in tissue plasminogen activator (19, 24) . While some of these agents have shown promising results, others have lower activity or become heterogeneous nature because of the chemical modification. As the first step to the development of streptokinase with a longer functional half-life, we genetically engineered plasmin-resistant streptokinase. Since streptokinase is processed N-terminally between Lys59 and Ser60 and C-terminally between Lys386 and Asp387 to generate the 37-kDa intermediate which retains only 16% of the intact streptokinase activity during the plasminogen activation process (38) , lysine residues in these sites are the logical targets for site-directed mutagenesis. Three versions of streptokinase were developed in this study. They either carried a single mutation that led to the conversion of lysine to glutamine (SKN460 and SKC32) or a double mutation that changed both lysine residues to glutamine (SKN460-C32). Glutamine was selected to replace lysine because the length of its side chain is comparable to that of lysine and so it should not significantly perturb the three-dimensional structure of streptokinase. It also does not introduce a positive charge to streptokinase. Therefore, plasmin with the trypsin-like substrate specificity should not cut the engineered streptokinase at these sites. This prediction was supported by our processing study (Fig. 2 ) and the observed increase in biological activity of SKN460 and SKN460-C32 on radial caseinolysis assays (Fig.  3) . SKN460 with the change of Lys59 to glutamine allowed C-terminal processing events to proceed. The appearance of the 46-kDa (Fig. 2b , lane 1 min) and 44-kDa (Fig. 2b , 5 min to 60 min) intermediates was consistent with processing at Arg401 and Lys386, respectively. Both intact SKN460 and these intermediates were more stable and could be observed even after 60 min of reaction. This could be explained by the abolition of the rapid N-terminal processing at Lys59. These 44-to 46-kDa intermediates are expected to retain good activity for plasminogen activation since C-terminal deletion of 31 amino acid residues from streptokinase does not significantly affect the activity for plasminogen activation (18, 20) . This expectation is supported by the observation of a 2.2-fold increase in the total activity of SKN460 in the radial caseinolysis assay. The faint protein band with a molecular mass around 36 kDa (Fig. 2b) (20, 23, 32, 50) .
To block the C-terminal processing of streptokinase by plasmin at Lys386, not only was this lysine residue in SKC32 changed to glutamine but also hydrophobic amino acids located between residues 380 and 384 were converted to amino acids with hydrophilic side chains. These modifications eliminate the proteolytic cleavages within the region of 382 to 384 by residual proteases from B. subtilis WB600 during the secretory production of streptokinase. As demonstrated previously (48) , these modifications do not significantly affect the activity of streptokinase. This is further supported by the determination of the steady-state kinetic parameters observed in the present study (Table 1) .
The design of SKN460-C32 allows the generation of plasmin-resistant streptokinase and its production in intact form from the B. subtilis secretory production system. When both critical lysine residues were changed to glutamine, the half-life of intact streptokinase during the plasminogen activation process was greatly extended and SKN460-C32 was apparently processed at other minor processing sites without generating any transiently stable intermediates. Although both the apparent Michaelis constant and catalytic rate constant were unchanged in this mutein in reference to those of the natural streptokinase, radial caseinolysis indicated that SKN460-C32 was a better plasminogen activator. This can be explained by the prolonged half-life of SKN460-C32 as the functional plasminogen activator. The kinetic parameter measurement did not reflect any effect of prolonged half-life of SKN460-C32, since only the initial rate was determined in this type of analysis. Although replacement of Lys59 and Lys386 with glutamine does not affect either the binding or the catalytic activity of streptokinase, some lysine residues in streptokinase are essential for its function. Lysine residues at positions 256 and 257 of streptokinase are important for binding to plasminogen, and lysine residues 332 and 334 are required for catalytic activity (23) .
Our results showed that only the conversion of Lys59 to glutamine was important in extending the functional half-life of streptokinase. This is consistent with the idea that C-terminal processing at Lys368 does not affect the activity of the 44-kDa intermediate to function as an efficient plasminogen activator. Many pieces of evidence indicate that the first 59 amino acids have multiple functional roles for streptokinase. Site-directed mutagenesis of Val19 (22) and Gly24 (21) inactivates streptokinase. Residues between Phe37 and Lys51 are suggested to function as a plasminogen binding site (29) . The first 59 residues are also suggested to be required for stabilizing the conformation of streptokinase (38, 50) . Without these N-terminal amino acids, the streptokinase fragment (residues 60 to 414) has much lower activity and shows a disordered secondary structure (50) . Our study also illustrates that the plasmin-mediated proteolytic degradation of streptokinase leads only to the inactivation of streptokinase as the plasminogen activator. These cleavages are not required to convert streptokinase to the active form to mediate the plasminogen activation process. This is opposite to the case for staphylokinase, another bacterial plasminogen activator. In that situation, removal of the first 10 amino acid residues from the N terminus of staphylokinase is essential to generate the active plasminogen activator (37) . Our next target is to examine the in vivo half-life and biodistribution of SKN460-C32 in the experimental animal system and its efficiency in clot lysis.
